Bacteriophage N4 minivirion RNA polymerase (mini-vRNAP), the RNA polymerase (RNAP) domain of vRNAP, is a member of the T7-like RNAP family. Mini-vRNAP recognizes promoters that comprise conserved sequences and a 3-base loop-5-base pair (bp) stem DNA hairpin structure on single-stranded templates. Here, we defined the DNA structural and sequence requirements for minivRNAP promoter recognition. Mini-vRNAP binds a 20-nucleotide (nt) N4 P2 promoter deoxyoligonucleotide with high affinity (K d ‫؍‬ 2 nM) to form a salt-resistant complex. We show that mini-vRNAP interacts specifically with the central base of the hairpin loop (؊11G) and a base at the stem (؊8G) and that the guanine 6-keto and 7-imino groups at both positions are essential for binding and complex salt resistance. The major determinant (؊11G), which must be presented to mini-vRNAP in the context of a hairpin loop, appears to interact with mini-vRNAP Trp-129. This interaction requires template single-strandedness at positions ؊2 and ؊1. Contacts with the promoter are disrupted when the RNA product becomes 11-12 nt long. This detailed description of vRNAP interaction with its promoter hairpin provides insights into RNAPpromoter interactions and explains how the injected vRNAP, which is present in one or two copies, recognizes its promoters on a single copy of the injected genome.
B
acteriophage N4 virion RNA polymerase (vRNAP), which is responsible for the transcription of the phage early genes, is present in virions in one or two copies and is injected into the host together with the phage genome at the onset of infection (1, 2) . vRNAP is a 3,500-aa polypeptide that lacks extensive sequence similarity to either of the two known families of DNA-dependent RNAPs (3) . Using controlled trypsin proteolysis and catalytic autolabeling, we defined a stable and transcriptionally active 1,106-aa domain (mini-vRNAP) located at the center of the vR-NAP polypeptide (3) . Mini-vRNAP possesses the same initiation, elongation, termination, and product displacement properties as full-length vRNAP (3, 4) .
Mutational, biochemical, and phylogenetic analyses indicated that mini-vRNAP is a highly diverged member of the T7 RNAP family (3) . However, although T7 RNAP recognizes its promoters in double-stranded templates (5), vRNAP transcribes promotercontaining, single-stranded templates with in vivo specificity (6) , recognizing a 3-base loop-5-bp stem hairpin structure and specific sequences at the promoter (7) . In vivo, vRNAP promoter recognition requires template supercoiling (8) to drive extrusion of the promoter hairpins from the double-stranded N4 genome (9, 10) and Escherichia coli single-stranded DNA-binding protein to stabilize single-stranded regions surrounding the site of transcription initiation (11) . We have used single-stranded templates to identify unambiguously the site of transcription initiation as well as the sequence and structural DNA determinants of vRNAP-promoter interaction. The results reveal two major determinants of vRNAP hairpin recognition: a purine at the center (Ϫ11G preferred) of the hairpin loop that must be presented to vRNAP in the context of a loop, and a specific interaction in the major groove (Ϫ8G) of the hairpin stem. Both interactions (Ϫ11G, Ϫ8G) are required for the characteristic salt resistance of the mini-vRNAP-promoter complex (12) . RNAP UV cross-linking to a Ϫ11 5-iododeoxyuracil (5-IdU)-substituted, 5Ј end-labeled promoter oligonucleotide and mapping of the cross-link suggest that Ϫ11G interacts with Trp-129, most likely through stacking, yielding a salt-resistant RNAPpromoter complex. The results presented provide a detailed description of the determinants of recognition of the promoter DNA hairpin and explain the unusual characteristics of the vRNAPpromoter complex and how the injected vRNAP recognizes its promoters on a single copy of the injected genome.
Results

Mini-vRNAP Initiates Transcription 11 Nucleotides Downstream from
the Center of the Hairpin Triloop. Three N4 vRNAP promoters (P1, P2, and P3) are present in the N4 genome (6) (Fig. 1A) . The bottom stem base pair, 3Ј-C:G-5Ј, of the vRNAP promoter hairpin is connected to downstream cytosines by four adenines in promoters P2 and P3. We used a series of P2 templates containing increasing numbers of adenines followed by the sequence CTA to identify the determinants of mini-vRNAP initiation site selection. We measured mini-vRNAP catalytic autolabeling by cross-linking the hydroxybenzaldehyde esters of GTP (bGTP) or ATP (bATP) to the enzyme and then adding [␣-32 P]ATP (Fig. 1B) or [␣-
32 P]UTP, respectively (Fig. 1C) , in a template-directed manner (3) . The RNAP polypeptide is labeled as a result of phosphodiester bond formation. Transcription initiation at promoter P2 was most efficient when either bGTP or bATP could pair with the base present 11 nt downstream from the center of the hairpin triloop. Therefore, the first cytosine at the vRNAP promoters serves as the template for transcription initiation.
The Center of the Loop and a DNA Sequence at the Hairpin Stem Are the Major Determinants of vRNAP Promoter Recognition. To identify the sequence determinants of vRNAP promoter recognition, we used a series of 5Ј end-labeled and singly 5-IdU-substituted oligonucleotides containing the promoter hairpin and downstream sequences up to position ϩ3 ( Fig. 2A) . Note that the 5-IdU-pairing base in the stem was changed to dA in each substituted DNA to maintain the integrity of the stem. The ability of 5-IdU at a specific position to cross-link to mini-vRNAP was determined after 312-nm light irradiation followed by SDS/PAGE and autoradiography (4). This article is a PNAS Direct Submission.
Abbreviations: bATP, hydroxybenzaldehyde ester of ATP; bGTP, hydroxybenzaldehyde ester of GTP; 5-IdU, 5-iododeoxyuracil; mini-vRNAP, mini-virion RNA polymerase; NTCB, 2-nitro-5-thiocyanobenzoic acid; RNAP, RNA polymerase; SC, solution competition; SPR, surface plasmon resonance.
The cross-link to 5-IdU determines direct (0 Å) interactions between the iodine in 5-IdU, in either single-stranded or doublestranded (major groove) nucleic acids and a protein, preferentially at aromatic residues (13) . Equilibrium dissociation binding constants were determined by solution competition (SC) using surface plasmon resonance (SPR). Mini-vRNAP activity was assessed by catalytic autolabeling using unlabeled oligonucleotides.
Oligonucleotides containing 5-IdU at positions Ϫ11, Ϫ8, ϩ1, ϩ2, and ϩ3 cross-linked efficiently to mini-vRNAP (Fig. 2 A) . Substitution with 5-IdU at the center of the hairpin loop (Ϫ11G in P2) resulted in a 250-fold decrease in affinity (Fig. 2 A) and a 3-fold decrease in first phosphodiester bond formation at 1 M promoter concentration (Fig. 2iB) . Therefore, position Ϫ11 must provide a critical vRNAP contact.
5-IdU substitutions at position Ϫ8 or Ϫ14 resulted in a 50-fold decrease in affinity (Fig. 2 A) and a 2-fold decrease in catalytic autolabeling for substitution at position Ϫ8 (Fig. 2B) . We surmise that position Ϫ8 represents an additional mini-vRNAP-specific contact, whereas the effect of substitution at position Ϫ14 on affinity is due to the presence of A at the base-pairing position (Ϫ8) in the Ϫ14 5-IdU-substituted promoter.
vRNAP interactions with bases at positions ϩ1, ϩ2, and ϩ3 were not sequence-specific because 5-IdU substitutions at positions ϩ1, ϩ2, and ϩ3 had no effect on mini-vRNAP binding. However, the efficiency of cross-linking to positions ϩ1 and ϩ3 decreased in the presence of GTP (Fig. 2C) , suggesting that changes in the environment of promoter DNA at the site of transcription initiation occur upon binding of one of the initiating nucleotides. Note that the decrease in catalytic autolabeling observed for 5-IdU at ϩ1 is the result of imposing a shift to initiate transcription at position ϩ2 with bGTP ( Fig. 1) .
Single-Stranded Template at Positions ؊2, ؊1, and ؉1 Is Required for Efficient Mini-vRNAP Binding. To test the relevance of the hairpin stem length in mini-vRNAP-promoter interactions, the affinity of mini-vRNAP for synthetic oligonucleotides with increasing stem lengths (lengthening at the 3Ј end of P2-3) was determined (Fig.  3A) . Increasing the length of the stem by the addition of 1 (6-bp stem) or 2 (7-bp stem) nt to the 3Ј end of the template did not affect binding (Fig. 3A, 2 and 3 ) or catalytic autolabeling (data not shown) significantly. However, further lengthening of the stem (Fig. 3A, 5 led to a 10-fold reduction in binding, indicating that singlestrandedness around the site of transcription initiation (Ϫ2 and Ϫ1) is required for vRNAP promoter binding and that vRNAP cannot unwind a double-stranded template.
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A Hairpin Promoter Loop Is Required for Mini-vRNAP Binding. vRNAP promoter hairpins are unusually stable because of specific sequences of the loop (Ϫ12A and Ϫ10G) and the loop-closing base pair (3Ј-G:C-5Ј) (9, (14) (15) (16) . This sequence-dependent stability is reflected in the increased electrophoretic mobility in the presence of 6 M urea of oligonucleotides containing these unusually stable DNA hairpins (Fig. 3B , Ϫ11, ϩ1, ϩ3 vs. Ϫ12, Ϫ10, 5-IdUsubstituted oligonucleotides). Decreasing the length of the promoter hairpin stem to 2 bp (T m , 76°C; ref. 15) or 1 bp reduced the affinity by only 5-to 10-fold (Fig. 3A, 1 vs. 8 and 9), whereas abolishing the closing base pair (Fig. 3A, 10 ) led to loss of binding.
To investigate the role of hairpin stability in vRNAP promoter binding, we tested the effect of substitutions at positions Ϫ12 and Ϫ10, which destabilize the hairpin (9) . A 12-to 30-fold decrease in binding affinity was observed, whether promoters had G or A at the center of the hairpin loop (Fig. 3C, 1 vs. 2, 3, 4, 5; 8 vs. 9, 10, 11). Additionally, although the affinities for Ϫ12-substituted promoters containing 5-bp (Fig. 3C, 5 ) or 2-bp (Fig. 3C, 6 ) hairpin stems decreased by 10-fold with respect to their wild-type counterparts (Fig. 3A, 1 and 8) , the affinity for the 1-bp stem Ϫ12-subtituted promoter decreased 80-fold (Fig. 3C, 7 vs. Fig. 3A, 9) , reflecting destabilization of the loop-closing base pair and indicating that position Ϫ11 recognition must occur in the context of a loop structure.
To determine the effect of the hairpin loop size on mini-vRNAP binding, we used promoter oligonucleotides with purine tetraloop hairpins. The interaction with tri-and tetraloop hairpins was sequence-dependent (Figs. 3C and Fig. 4A) . Comparison of the relative binding affinities of triloop and tetraloop hairpin promoters (Fig. 3C, 2 vs. Fig. 4A, 3; Fig. 3C, 8 vs. Fig. 4A, 2) indicated that an increase in the size of the loop by one nucleotide affects binding by 10-fold compared with the optimal P2 triloop. In some cases, the enzyme had higher affinity for a tetraloop than for a triloop hairpin promoter (Fig. 3C, 9 vs. Fig. 4A, 3) .
To identify the tetraloop hairpin base contacted by vRNAP, 5Ј end-labeled oligonucleotides with single 5-IdU substitutions at each loop position were analyzed in UV cross-linking experiments (Fig.  4B) . The contact shifted from position Ϫ11 in a triloop hairpin to position Ϫ12 in a tetraloop hairpin (Fig. 4B, 1) , with a corresponding decrease in the ability of mini-vRNAP to support catalytic autolabeling when 5-IdU was present at Ϫ12 (Fig. 4B, 2) .
The Salt Resistance of the vRNAP-Promoter Complex Is Promoter
Sequence-Dependent. We have shown previously that the vRNAPpromoter P2 complex is resistant to 2 M NaCl, although the binding process is salt-sensitive (12) . To define the basis for complex salt resistance, we investigated the salt sensitivity of mini-vRNAP complexes with promoter oligonucleotides containing substitutions at positions required for vRNAP recognition or promoter hairpin stability. We incubated 5Ј end-labeled oligonucleotides with Cterminally His 6 -tagged mini-vRNAP prebound to Talon resin. After binding, the resin was washed with 1 M NaCl buffer to dissociate salt-sensitive complexes and then washed with the same buffer containing 100 mM imidazole to elute salt-resistant complexes (Fig. 5A ). Complexes formed with promoter P2 were saltresistant. The resistance of the complex to salt decreased upon substitution of Ϫ11G with A, whereas substitution with a pyrimidine (Ϫ11T or C) yielded low-affinity, salt-sensitive complexes. Similar results were obtained with promoters containing substitutions at Ϫ8 (Ϫ8T, C, or A), a position that is also critical for vRNAP-promoter interaction. In contrast, substitutions at positions essential for hairpin stability (Ϫ12A 3 C, Ϫ10G 3 T) did not greatly affect the salt resistance of the complex, although a reduction in promoter affinity by 5-to 100-fold was observed, as when the hairpin stem length is reduced to 1 bp. We conclude that complex salt resistance is determined by the identity of the hairpin triloop central base and not by the hairpin stability or the affinity of vRNAP for the promoter. Promoters with tetraloop hairpins (AAGG, AGAG) yielded complexes that were partially saltresistant. WT  -2 5  95  -12A  -12C  20 5  95  -11G  -11T  1,000 95  5  -11C  2,000 95  5  -11A  40 80  20  -10G  -10T  200 35  65  -8G  -8T  500 80  20  -8C  60 90  10  -8A  100 75  15  3'∆4  25 
Identification of ؊11G and ؊8G Hydrogen Bond Donors and Acceptors
Essential for vRNAP-Promoter Interaction. The contributions of Ϫ11G and Ϫ8G hydrogen bond donors and acceptors to vRNAPpromoter interaction were determined by using oligonucleotides with substitutions at each of these positions (Fig. 5B) . Removal of the G 2-amino group at Ϫ8 (inosine) had no effect on binding or salt resistance. In contrast, removal of the 6-keto (2-amino P) or 7-imino (7-deaza G) groups resulted in salt-sensitive complexes and 20-and 50-fold loss in binding affinity, respectively. Substitution with A yielded a salt-sensitive complex with a 30-fold decrease in binding affinity. These results indicate that mini-vRNAP interacts with Ϫ8G in the major groove of the hairpin stem. Substitution at Ϫ8 with an abasic spacer led to a 250-fold decrease in binding affinity. In contrast, the absence of a base at the Ϫ8 base-pairing partner (Ϫ14) had little effect on the affinity and no effect on the salt resistance of the complex, indicating that position Ϫ14 does not interact with mini-vRNAP. Removal of the Ϫ11G 2-amino group had a small decrease in binding affinity with no effect on the salt resistance of the complex. The absence of the 6-keto or 7-imino groups resulted in saltsensitive complexes and 90-and 15-fold decreases in binding affinity, respectively. The affinity reached the micromolar range when an abasic spacer was present at Ϫ11, highlighting the importance of the purine heterocycle at this position. We conclude that Ϫ11G represents the major recognition determinant for N4 vRNAP. To identify the mini-vRNAP residue that interacts with Ϫ11G, we used five active mini-vRNAPs, each containing a pair of cysteines (di-Cys) substituting residues separated by Ϸ100 aa (E.K.D. and K. Kazmierczak, unpublished results). Each di-Cys-containing minivRNAP was UV cross-linked to a 5Ј end-labeled Ϫ11 5-IdUsubstituted promoter oligonucleotide. Cross-linked complexes were then treated with 2-nitro-5-thiocyanobenzoic acid (NTCB) and analyzed by SDS/PAGE (Fig. 6A Left) . Analysis of the pattern of labeled polypeptides arising from cleavage of all five di-Cyscontaining mini-vRNAPs indicates that a residue in the 83-200-aa interval was cross-linked to the Ϫ11 5-IdU-substituted promoter DNA. The cross-link was not probe-dependent because similar results were obtained when a Ϫ11 4-thio-T-substituted oligonucleotide was used (Fig. 6A Right) .
Three mini-vRNAPs containing Cys substitutions in the 83-200-aa mini-vRNAP interval were used to identify the cross-linked residue. The NTCB cleavage pattern of F120C-, F145C-, and G183C-labeled polypeptides mapped the site of cross-linking to the 120-145-aa interval (Fig. 6B) , which contains a single aromatic residue, Trp-129. The W129C substitution completely abolished cross-linking. To confirm that Trp-129 is indeed the target of Ϫ11 5-IdU cross-linking, we generated and tested the W129A enzyme. The W129A substitution decreased promoter-binding affinity 250-fold and abolished cross-linking to Ϫ11 5-IdU, catalytic autolabeling (Fig. 6C, 2 and 3) , and salt resistance (data not shown), indicating that Trp-129 interacts with the center of the promoter hairpin loop. We propose that a stacking interaction between Ϫ11G and Trp-129 leads to the unusual salt resistance of the complex.
Mini-vRNAP Clears the Promoter When the RNA Product is 11-12
Nucleotides Long. To define the step in transcription at which vRNAP undergoes promoter clearance, 5Ј end-labeled templates containing 5-IdU at position Ϫ11 and 10 (P2-14), 11 (P2-15), or 12 (P2-16) G-less nucleotides in the transcribed region, followed by four G residues were used (Fig. 7A) . Transcription in the presence of GTP, ATP, and UTP halted mini-vRNAP before the terminal G tract (Fig. 7B, 2, 4 , and 6). Contacts with the promoter, measured as the ability of mini-vRNAP to cross-link to 5-IdU at Ϫ11, were present in the RNAP promoter (Fig. 7B, 7 and 9 ) and initiation ( (Fig. 7B, 4) and lost upon the addition of the next nucleotide (Fig. 7B, 6 ).
Because mini-vRNAP-promoter complexes are resistant to 2 M NaCl and can be disrupted by raising the temperature in the absence of salt (12), we hypothesized that promoter clearance might be elicited by vRNAP-dependent melting of the hairpin. To test this possibility, we used templates containing an intramolecular crosslink (17) between two derivatized (N6-thioethyl) dA residues located on opposite strands of the hairpin stem at nonconserved positions (Ϫ7 and Ϫ16), whereas the corresponding base-pairing positions (Ϫ6 and Ϫ15) were substituted with dT. As a control, the same oligonucleotide containing the reduced form of the cross-link was used. Results of runoff transcription experiments showed that cross-linked stem and uncross-linked templates were equally active (Fig. 7C) , indicating that melting of the promoter hairpin is not required for promoter clearance. In contrast, the results presented suggest that the length of the RNA transcript must signal minivRNAP to disrupt promoter contacts.
Discussion
The three N4 vRNAP promoters are characterized by a conserved sequence and a 3-nt loop and a 5-to 7-bp stem hairpin (Fig. 1) . We have shown previously that specific conserved elements of the promoter [the base identities of the loop-closing base pair (3Ј-G:C-5Ј) and the 3Ј (Ϫ12A) and 5Ј (Ϫ10G) positions of the triloop, which determine the unusual stability of this hairpin] are required for its extrusion from double-stranded DNA in a process that depends on template supercoiling (9, 18) .
Here, we identified conserved sequences that are essential for vRNAP-promoter interaction. The main determinant of promoter recognition is a purine at the center of the hairpin triloop (Ϫ11), with G being preferred. The presence of G at Ϫ11 has two consequences: it increases the affinity 20-fold (relative to Ϫ11A), and yields a vRNAP-promoter complex that is resistant to high salt concentrations (Fig. 5) . Replacement of Ϫ11G by pyrimidines reduces the affinity 500-to 1,000-fold, indicating that the interaction with the purine heterocycle is essential for vRNAP binding (Fig. 5) . Furthermore, Ϫ11G must be presented to vRNAP in the context of a hairpin loop (Fig. 3) . Based on the structure of the promoter hairpin, Ϫ11G is the only unpaired base with one surface exposed for interaction with the protein because the flanking bases (3ЈA and 5ЈG) form a sheared base pair (15) .
The identification of mini-vRNAP Trp-129 as the likely residue that contacts Ϫ11G provides an explanation for the mini-vRNAP complex salt resistance through a proposed stacking interaction. In contrast, it is not obvious why the replacement of Ϫ11 and Ϫ8G with purine analogs leads to salt sensitivity of the vRNAPpromoter complex (Fig. 5) . We propose that the RNAP interaction with Ϫ8G in the major groove of the hairpin stem places the hairpin on the enzyme such that Ϫ11 G is positioned close to Trp-129. Furthermore, we propose that the Ϫ11G 6-keto and 7-imino groups are required for interactions with another residue, probably a bidentate interaction with arginine, which would place the purine heterocycle at the correct position to stack with Trp-129.
We have proposed that the N4 vRNAP active site must resemble that of T7 RNAP, although N4 vRNAP is the most evolutionarily diverged member of the T7 RNAP family (3). T7 RNAP recognizes two sets of sequences at its promoters on double-stranded templates: (i) base pairs Ϫ17 to Ϫ13, recognized in the minor groove by a flexible surface loop at the T7 RNAP N-terminal domain; and (ii) base pairs Ϫ10 to Ϫ7, recognized through interactions with the template strand in the major groove by the ''specificity loop'' of the fingers domain. Two T7 RNAP-promoter interactions are worth noting: Arg-756 and Arg-746 make bidentate interactions with the 7-imino and 6-keto groups of Ϫ9G and Ϫ7G, respectively (19) . We propose that vRNAP recognition of Ϫ8G from the hairpin stem major groove is equivalent to recognition of Ј9G or Ј7G at the T7 RNAP promoters, whereas recognition of Ϫ11G by Trp-129 is unique to the existence of the vRNAP promoter as a DNA hairpin. This proposition is entirely plausible based on the structure of mini-vRNAP (K. Murakami, E.D., and L.B.R.-D., unpublished results).
Surprisingly, a hairpin triloop is not essential because a promoter with a hairpin tetraloop was recognized efficiently; indeed, 3Ј-AGAG-5Ј and 3Ј-AAG-5Ј loop promoters are recognized with similar affinity (Fig. 5) . The results of cross-linking experiments using 5-IdU-substituted promoters with a tetraloop hairpin indicate that vRNAP contacts the hairpin loop 2 bases 5Ј from the 3Ј base of the loop-closing base pair (Fig. 5) . Although the structures of hairpins with tetraloops are unknown, we expect that the base present 2 nt 5Ј from the loop-closing base pair will be positioned on the same face of the hairpin as Ϫ8G, the other sequence determinant of vRNAP-hairpin interaction. This configuration is observed in hairpins with triloops of the same sequence as in the N4 promoter hairpins (15) .
These findings bear on the process that specifies the transcriptional start site. We showed that vRNAP initiates transcription 11 nt downstream from the center of the loop (Fig. 1B) . The importance of the base identity at position Ϫ11 suggests that vRNAP selects the site of transcription initiation by measuring the distance from the center of the hairpin loop. However, analysis of the interaction of vRNAP with tetraloop hairpins indicates that the site of transcription initiation is selected by measuring the distance from the loop closing base pair or Ϫ8G to the active center of the enzyme.
In some cases, multisubunit RNAPs initiate transcription specifically on single-stranded templates. E. coli RNAP initiates RNA synthesis at secondary structures on single-stranded templates at the minus strand origin of M13 DNA replication (20) and at the leading region of the conjugative ColIIb-P9 plasmid (21) . Yeast RNAP III initiates transcription on the nontranscribed strand of the U6 promoter in a transcription initiation factor IIIB-dependent manner (22) . However, within the single-subunit T7 RNAP family, initiation of specific transcription on single-stranded templates is so far limited to N4 vRNAP. N4 vRNAP is present in virions in one or two copies and must recognize the three early promoters on the single copy of the injected N4 genome, whereas T7 RNAP is synthesized abundantly early in phage infection (23) . We propose that the ability of N4 vRNAP to discriminate against other singlestranded templates (8) and to recognize its promoter hairpin with high affinity (2 nM) provides a combinatorial strategy for restricted template specificity in the infected cell.
Materials and Methods
Expression and Purification of C-Terminally His6-Tagged Mini-vRNAP and Mini-vRNAP Mutant Enzymes. Growth of E. coli BL21 cells bearing pEKD27 and induction and purification of C-terminally His 6 -tagged mini-vRNAP were performed as described previously (3). pEKD27 is a derivative of pKMK25 (3) where the His 6 tag is directly attached to the mini-vRNAP C terminus, resulting in the C-terminal sequence KVAKA-His 6 . The di-Cys-containing RNAPs (C1-C5) have the following substitutions: C1, G83C/ G200C; C2, G306C/S408C; C3, S510C/S604C; C4, A709C/S812C; C5, A918C/A1020C (E.K.D. and K. Kazmierczak, unpublished results). The F120C, W129C, F145C, G183C, and W129A mutant RNAPs were constructed by using QuikChange site-directed mutagenesis (Stratagene, La Jolla, CA), and the sequences were confirmed. All enzymes were stable.
Catalytic Autolabeling Assay. Catalytic autolabeling was performed as described previously (3) . Salt Sensitivity of vRNAP-Promoter Complexes. C-terminally His 6 -tagged mini-vRNAP was added to 10 M to a 0.5-ml slurry of Talon resin in buffer A (20 mM Tris⅐HCl, pH 8/50 mM NaCl) in a spin column (BD Biosciences, San Jose, CA). The column was washed with 2 ml of 1 M NaCl in buffer A followed by 2 ml of buffer A. The resin was made a 50% slurry in buffer A, slurry aliquots (50 l) were transferred into new MicroSpin columns (Amersham Biosciences), and 5Ј 32 P-labeled DNA oligonucleotides were added to 10 nM. After a 10-min incubation on ice, the columns were washed three times with 100 l of buffer A, three times with 100 l of 1 M NaCl in buffer A, and they were eluted with 100 l of 100 mM imidazole in buffer A. All procedures were performed at 4°C. The radioactivity in each of the fractions was determined by the Cherenkov method.
Cross-Linked Stem Hairpin Template for Promoter
Clearance. An intrastrand cross-linked hairpin derivative of the P2 promoter deoxyoligonucleotide (TTTCATACAGGATTGGATGCATTACTTCATCCAAAAGT͗pI͘GCGGAGCT͗pI͘C), containing 32 nt in the transcribed region, was synthesized with the standard phosphoramidites of O6-phenyl-2Ј-deoxyinosine (O6-phenyl-dI, pI) (Glen Research, Sterling, VA) at positions Ϫ7 and Ϫ16 (Oligonucleotide Synthesis Facility, Cornell University, Ithaca, NY) and T at positions Ϫ6 and Ϫ15. The templates were processed as described previously (17) to yield a cross-link between N6-thioethyl-dAs at Ϫ7 and Ϫ16, and they were purified in a prewarmed (55°C) 8 M urea/20% polyacrylamide denaturing gel at 55°C. The 100% cross-linked material was excised and eluted from the gel. Runoff transcription reactions were performed for 5 min at 37°C in the presence of 10 ⌴ E. coli SSB and analyzed as described previously (4) .
